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Dynamic light scatteringUndoped and Ba and Ag-doped SrTiO3-based nanopowders (NPs) were successfully grown by a modified
auto-combustion method. An optimum ratio of citric acid and nitric acid was used as the polymerization
agent and fuel. The X-ray diffraction (XRD) results revealed that the products were crystalline with cubic
and tetragonal structures. The particle aggregation state, nanoparticles size distribution, morphology and
electrical properties were characterized by transmission electron microscopy (TEM), dynamic light scat-
tering (DLS), atomic force microscopy (AFM) and ultraviolet–visible (UV–vis) were studied, respectively.
Using the X-ray peak broadening and size–strain plot (SSP) method the crystallite sizes and lattice strain
of the samples were investigated. The UV–vis absorption spectra revealed that the band gap of the
STO-based has a strong absorption peak which lies in the UV region.
 2015 The Authors. Published by Elsevier B.V. This is an open access articleunder the CCBY license (http://
creativecommons.org/licenses/by/4.0/).Introduction
Strontium titanate, a ferroelectric cubic perovskite structure
with a high dielectric constant and pyroelectric properties is used
in many practical applications such as sensors [1,2], photocatalytic
[3,4]. In general, SrTiO3 is not a good thermoelectric material. By
increasing the effective mass using doped various atomic substitu-
tions such as Ba and Lathe thermoelectric performance improved.
Recently, the large figure of merit, ZT = TS2/qk where T, S, q, and
k are the absolute temperature, the seebeck coefficient, the electri-
cal resistivity and the thermal conductivity, respectively, have
been investigated experimentally and theoretically [5,6]. On the
other hand, to optimize the thermoelectric response using heavy
and metal atom for fabrication in homogeneous systems, like
SrPb18AgTe20 with ZT = 2.4 at T = 800 K [7] can open a new path
through the search. STO-NPs can be obtained by various synthetic
methods, such as mixed oxides [8], self-propagating high-
temperature (SPHT) [9] and sol–gel [10]. However, we made an
attempt to prepare STO-based nanopowders using auto-
combustion method. Simple experimental setup, high-purity and
narrow distribution of nanoparticles are advantages of this route.
The influence of stability constant of metal citrates on the auto-
combustion process which is able to give electrons to the fuel by
changing their oxidation state like Sr and Ti, are more effectivethan metal ions. In this paper, a combination of citric and nitric
acid was used as polymerization and fuel.
Experimental procedure
The precursor solution was prepared by strontium nitrate (Sr
(NO3)2, Merck Co.), titanium isopropoxide (C12H28O4Ti, 99% purity,
Merck Co.), barium nitrate (Ba(NO3)2, 99% purity, Merck Co.) and
silver nitrate (AgNO3, 99% purity, Sigma–Aldrich Co.). Using dis-
solving salt’s precursor in distilled water and nitric acid the aque-
ous solution of cations (i.e. Sr+2, Ba+2, Ag+2 and Ti+4) were prepared.
The solutions were added to the combination of aqueous solution
of citric acid and nitric acid (CA/NA ratio of 2.5:1) under chemical
formula and continuous stirring at 55–65 C and finally at the end
the pH of the sol was maintained at 4.25 using ammonium hydrox-
ide. Because at low pH the metal cations and the citric acid do not
form any complex with each other, citric acid decomposes at
172 C. In this study after the sol was heated at about 90 C, in
order to obtain the peroxo-citrate–nitrate gel, the solution is pre-
pared at pH = 4. 25 and in 160 C. The auto-combustion occurs
when the temperature is increased to 250 C and the color of gel
transforms into brownish. After the gel was combusted, the resul-
tant samples were calcined at 850 C. More details regarding the
synthesis process are described elsewhere [11]. The calcination
rate was 2 C/min. At desired temperature samples were kept for
2 h. Samples were characterized using optical and electrical analy-
sis methods such as X-ray diffraction (XRD), (spinning sample rate:
0.02 deg./s), transmission electron microscopy (TEM), dynamic
Fig. 1. The XRD pattern of based-STO-NPs. The XRD pattern shows that the sample
product is crystalline with a cubic (STO and SBTO) and tetragonal (SBTAO) phases
and free from unwanted phases.
Fig. 3. The SSP plot of STO-based nanopowder.
Table 1
The results of X-ray diffraction analysis of STO-based nanopowder.
Sample 2h hkl Structure Lattice
parameter
(nm)
D: crystallite size
(nm)
SM SSP TEM
STO 32.085 110 Cubic a = 3.19 21.31 19.42 38
310 M. Ghasemifard et al. / Results in Physics 5 (2015) 309–313light scattering (DLS), atomic force microscopy (AFM) and ultravi-
olet–visible spectroscopy (UV–vis).46.15 200
57.445 211
SBTO 26.41 100 Cubic a = 3.31 25.52 21.21 43
32.215 110
43.92 201
SBTAO 43.36 113 Tetragonal a = b = 4.02
37.78 104 c = 3.78 27.18 25.76 46
57.52 116
[14]
SrT-
iO3
31.85 110 Cubic a = 3.27 –Results and discussion
XRD analysis
The phase formation and orientation of SrTiO3, Sr0.9Ba0.1TiO3
and Sr0.9Ba0.1Ti0.9Ag0.1O3 were investigated using X–ray diffraction
in the ranges (5–60 deg.). The XRD patterns of nanopowders with
CuKa1at different Ag2+ molar ratios are shown in Fig. 1. Using the
X’Pert package the crystal structure analysis of diffraction patterns
has been calculated. It was found that the phase formation of STO
and STO/SBO are cubic with the lattice constant of a = 3.31 nm and
a = 3.19 nm, respectively. The XRD results also reveal the existence
of the tetragonal phase (a = b = 4.02 nm, c = 3.78 nm) as and STAO/
SBO nanopowder in 900 C. All of the detectable peaks were iden-
tified and indexed using PDF cards from the Joint Committee for
Powder Diffraction Studies (JCPDS) file 35-734 and 39-1395.Fig. 2. Width of half peak height of sampParticle size and lattice strain characterization
Up to now the Scherrer formula is a common method to calcu-
late crystallite size, D = (kk/wcosH), where D, k, H and w are crys-
tal size, the wavelength radiation CuKa (k = 0.1540 nm), the peak
position (31.95, 32.25 and 32.32 used for lines) and width of halfles that is used in Scherrer formula.
Fig. 4. Energy band gap of the samples obtained using UV–vis absorption spectra.
Fig. 6. Size distribution fromTEMandDLSmeasurements of Sr0.9Ba0.1Ti0.9Ag0.1O3-NPs.
M. Ghasemifard et al. / Results in Physics 5 (2015) 309–313 311peak height (in radians), respectively. k depends on of crystal mor-
phology and changed from 0.89 to 1.39 radian and in our results
that is selected equal to 0.9 [12]. Using Fig. 2, the Scherrer equation
and SSP methods, the crystallite size and lattice strain are calcu-
lated, respectively. The crystallite size of STO, SBTO and SBTAO
were obtained to be around 21 nm, 25 nm, and 27 nm, respec-
tively. From Fig. 2 it can be seen that there is a gradual increase
in the crystallite size when the atomic radius in unit cell increases
as expected.
The size strain of domains of samples can be calculated by SSP
method [13]:
ðdðhklÞbðhklÞcosHÞ2 ¼
k
D
d2ðhklÞbðhklÞcosH
 
þ e
2
 2
ð1Þ
Dependence on the shape of the particles is shown with k con-
stant (k equal to 5/7 for polyhedral shape). Therefore, by plotting
(dhkl bhkl cosH)2 versus (dhkl2 bhkl cosH) the size strain is deter-
mined from the extrapolated linear portion of the graph (Fig. 3).
The particle size and the size strain are obtained from slop of the
liner fitted data and the root of y-intercept, respectively.
The results of X-ray diffraction analysis are summarized in
Table 1. As can be seen from Table 1 it can be estimated that there
is a gradual increase in the crystallite size when atomic radius ratio
in samples decreases.Fig. 5. TEM image and distribution histogram of samUV–vis analysis
Using absorption spectra and Tauc’s relation the optical band-
gap (Eg) of the samples was calculated as shown in Fig. 4. The opti-
cal band gap values obtained using absorption analysis was 3.21 eV
and 3.18 eV for SBTO and SBTAO, respectively. Results showed that
the band gaps have a blue shifted (i.e., the increase Eg value com-
pared with the bulk value) and the size quantization effect is seen
in all the samples, as expected.
The optical band gap of sample, Eg, can be expressed as a func-
tion of particle radius, as given by the following equation [15]:
Eg ¼ Eg0 þ
h2p2
2R2
memh
me þmh
 
 1:8e
2
eR
ð2Þ
where Eg is the band gap value of the nanoparticles, Eg0 is the band
gap value of the bulk material,meh is the effective mass of electrons
and holes, e is the charge of the electron, and e is the electric per-
mittivity of the samples. The reported effective mass of the electron
(me) and hole (mh) in SrTiO3 was reported to be in the range of
1.8–7.1m0 and 6.1m0 [6,16–19]. The electric permittivity of STOple: (a) SBTO and (b) SBATO obtained at 850 C.
Fig. 7. AFM topography images of (a) Sr0.9Ba0.1O3-NPs. (b) Sr0.9Ba0.1Ag0.1Ti0.9O3-NPs.
312 M. Ghasemifard et al. / Results in Physics 5 (2015) 309–313was reported to be 243 (C2 N1 m2) [20]. The particle radius of the
STO-NPs is around 4.23 nm.
Nano-scale characterization
Size and morphology of the STO-based nanopowder were inves-
tigated by TEM micrographs. The TEM images and size distribution
histogram of Sr0.9Ba0.1TiO3 and Sr0.9Ba0.1Ti0.9Ag0.1O3-NPs obtained
at 850 C are as the one shown in Fig. 5. It was observed that the
shape of the powders with homogeneous structure was polyhedral
with a smooth surface. The histogram plots of TEM consisted of an
aggregation of SBTO and SBATO-NPs with an average size below
40 nm and 35 nm, respectively. According to the Fig. 5(a) finding
separate nanoparticles was difficult because the Ba decreases com-
bustion reaction and particles were overlapped while in Fig. 5(b)
Ag-doped can lie between them and separate particles were
observed.
Using particle size analyzer, the particle size distribution or
hydrodynamic size of STO-based-NPs was measured based on the
dynamic light scattering (DLS) method at 850 C temperature
(Fig. 6). The nanoparticle size is strongly dependent on the degree
of calcination temperature. From Fig. 6 we can determine the
aggregation state and the histogram of the size of the nano-
particles by dynamic light scattered method [21–23].
The particle size measured using the TEM image and DLS will be
similar if the nano-particle is steadily larger than the TEM size or
their shape is semi-spherical [24]. If the nano-particles are agglom-
erated the size of TEM image in comparison with the DLS measure-
ment has a small variance [25]. As can be seen from Fig. 6 the
maximum particle size distribution of SBTAO-NPs by TEM average
diameter is 32 nm while for DLS is 37 nm.
Investigation of morphology and roughness
The atomic force microscope (AFM) is suited for 3D image anal-
ysis and some of properties including particle size distribution,
morphology and roughness. Using AFM images the morphology
and volume distributions of STO-based nanopowder have been
characterized. Plan-view AFM images of SBTO and SBTAO are
shown in Fig. 7. The micrograph of AFM reveals that the samples
have nearly uniform grain distribution with no cracks.
As can be seen from Fig. 7 the AFM images of SBTO and SBATO
nanopowder topography and roughness depend on the dopantsmolar ratio and according to histograms the particle size distribu-
tion of SBTO and SBATO is around 70 nm and 77 nm, respectively.Conclusions
SrTiO3-based nanopowders doped with 1 wt% Ba and Ag were
prepared by modified auto-combustion process. The characteriza-
tions of STO, SBTO and SBTAO nanopowder were investigated with
XRD, UV–vis, TEM and DLS. The results show that the structure of
STO-based nanopowders is significantly influenced by the molar
ratio of Sr/Ba and Ti/Ag. The crystalline phases transform from
cubic to tetragonal by increasing calcination temperature from
800 C to 900 C. Because of SBTAO-NPs are agglomerated, the
TEM image indicates the size of nanopowder is smaller than the
results obtained via DLS. Using AFM analysis, nearly spherical par-
ticles are observed, whose average diameter is about 70 nm. The
optical band gap of SBTO and SBTAO-NPs were determined from
the transformed Tauc’s equation, which increase with the
Ba-doping concentration to 3.21 eV and decrease with the
Ag-doping concentration to 3.18 eV.
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